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RATE CONSTANTS FOR ELEMENTARY STEPS IN HYDROCA R~~~~~~~~~~~~~~~
OXIDATION

H. R. BALDWIN, MRS. J. P. BENNETF, AND R. W . WA LKER
Chemistry Deportment, The Univers ity, HULL., HU6 7RX, England

A review is given of the four main types of reaction which are important in determining
the distribution of products in the oxidation of hydrocarbons:

(a) free-radical attack on the hydrocarbon RH;
(b) decomposition of the radical It by C-C homolysis;
(v) reaction of It radical with °2 to form the conjugate alkene;
(d) reaction of It radical with 0~ to give 0-heterocycles and other oxygenated products.

Rate constants for these types of reaction, obtained from studies of the oxidation of C2-C4
hydrocarbons and neopentane, are applied to predict the yields of products in the oxidation

~~~~~~ of pentane.

*:

During the past few years, product profiles cals , isornerisation by H-atom transfer may
and rateconstants ’ fortheelementary reactions occur, although such reactions are usually
involved have been obtained for a number slower ’ than the alternative reactions (ii)-(iv)
of lower hydrocarbons and related compounds listed above. Secondly, at high reaction rates,

I -i undergoing oxidation in the temperature range for example in cool flames, where radical
) 

~~~~~~ 440-500°C, where the mechanism is rather concentrations are high, chain propagation
simpler than at lower temperatures. At about may occur through radical-radical reactions.

* ~~~~~ 500°C, four main types of reaction are impor - Such reactions, however, will not normally be
tant in determining the product distribution, important under the experimental conditions

described in this paper.
_____ (I) Free-radical attack on the hydrocarbon. This paper falls into two main sections. In

the first , the information available for theseX + RH = Xli + R reactions from studies with hydrocarbons

(ii) Decomposition of the radical B by c-c other than n-pentane is reviewed. The second
section examines the extent to which use ofhomolysis , this reaction becoming more these constants enables a satisfactory predic-important as t he concentration of 02 decreases t ion to be made of the product distributionand the temperature increases, obtained in the oxidation of n-pentane at(iii) Reaction of B radicals with 0~ to form 450°Cthe conjugate alkene, the yields varying be-

tween 50% (n-butane) and 95% (ethane) at
normal 02 concentrations. Types of Reaction in Hydrocarbon(iv) Reaction of B radicals with 02 to give 

~~ idation0-heterocycles and other oxygenated products.
Although present in yields of only 5-10% with
C2-C4 hydrocarbons, the total yields of these 1. Free-rad I cal Attack on Hydrocarbons and
compounds can rise to 50% with C.~ and C~ Related Compounds
alkanes. In general, at 400-500°C, the hydrocarbon

Two other general types of reaction may also is removed mostly by attack of OH and HO
become important in appropriate circum- radicals, In the presence of H , attack by it
stances. First , with relatively long alkyl radi- atoms will also be important. %4’ith the devel-
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opment of E.S.R., resonance fluorescence , ani secondary , and tertiary C-H bonds, respec-
other spectroscopic techni ques , reliable rate tivel y. Table I also gives the specific rate
constants are now available for H’ and OH3 constants for OH and H attack relative to
reactions with hydrocarbons and related reactions (a) and (b) respectively at 480°C. To
compounds, particularly at room temperature . obtain absolute values , rate constants for these
At about 500°C, stu dies of the relative rate reactions are required .
of loss of El , and hydrocarbon , when traces
of hydrocarbon are added to slowly reacting OH + H, = 1-120 + H (a)
mix tures of H , + 0, in aged boric-acid-coated H + °2 = OH + 0 (b)vessels (Met h~xl I), have given relative rate
constants for H and OH attack.4 The isolation However, for the calculation of the proportions ,.of a ‘c lean’ source of HO2 radicals has been of each species of alkyl radical formed froma long-standing problem in hydrocarbon ox- the hydrocarbon, only the relative values of ~~idat ion, si nce these radicals are usually ac- the rate constants for radical attack are re- ~companied by the more reactive OH radicals. quired.The addition of hydrocarbons to slowly react-
ing mix tures of formaldehyde and °2 in KCI-
coated vessels at 440-540°C has recently been 2. Decomposition of Alkyl Radicals by C-C “

used to study reactions of HO radicals.36 Homolysis
Below 500°C, OH radical s are effectively ab- Arrhenius parameters are available in thesent because the hydrogen peroxide formed literature for the decomposition by C-C ho- ~~is efficiently destroyed at the vessel surface. molysis of n-propyl ,° n-butyl,9 s-butyl’° andAbove 500°C, homogeneous decomposition of i-butyl” radicals; the values considered to behydrogen peroxide occurs to a limited degree the most reliable are given in Table II. Alland a small correction for OH attack on the the parameters are determined by the use ofhydrocarbon is necessary . the rate constant for the appropriate radical-Specific parameters (Table I) for radical radical recombination . Although the rate con-attack can be obtained from an additivity rule stant for methyl radical recombination is nowbased on the assumption that the contribution accurately known at room temperature 1 (theper C-H bond to the total rate constant is the
same for all primary, all secondary, and all temperature coefficient is less well established

experimentally), the values for other alkyltertiary C-H bonds in each hydrocarbon. The radicals are less certain, particularl y in the caseoverall rate constant k is then given by of the t-butyl radical where the reported val-
ues range from 10~ at low temperatures ’3 tok = n ,,A~ exp (— E9 /RT) + 10~-° at 350°C.’4 More recent studies ’5 suggest

n ,A , exp(—E 1/ RT) that the low values may be in error and that
the revombination rate constant for t-butyl is

+ n ,A,exp (—E ,/ET) (j ) at least 10~ even at low temperatures. The mostreasonable estimate for the recombination ratewhere n is the number of bonds of a specific
type, A is the Arrhenius factor per C-H bond,
and E is the corresponding activation energy. All values of rate constants are in litre mole
The subscripts p, s, t refer to attack at primary, second unit s, and R in cal mole ~~~~~~~~~~

TABLE I
Specific parameters (per C — H bond) for H . OH and HO , attack°

OH H HO,’

A3 E3 k(OH + RH) 7 A4 E4 k(H + RH) ’ 
A E

k( OH + H ,) k(H + 0,)

primary 6.15 x 10° 1.65 0.95 2.2 x 1010 9.7 6.5 1.0 x 10° 19.4
secondary 1.4 x 10’ 0.86 1.8 5.0 x 10’° 8.35 45 1.0 X 10° 17.0
tèt lary 1.25 x 10° —0 .19 4.7 8.7 * lO b 7.0 165 1.0 * 10° 14.4

• 1 mol -, s~~ and kcal mol -, units .
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TABLE II
Alkyl radical decomposItions ’

Reaction A/ s ’ E/keal mol~~ T/ K k/ s ’ at 753 K Ref.

n-C3 H,--. C,H 4 + CH 3 1.6 x 1O’~ 30.1 523-623 2.95 x 10~ 8
n-C4 H 9 --. C,H 4 + C2 H, 2.5* 10’s 28.7 430-520 1.19 x 10’ 9
s-C 4 H,--’C,H 6 + CH 3 7.3 x 10’~ 34.4 533-613 7.55 )( 10~ 10
i-C4 H,--ø C3 H 5 + CH35 2.8 * 1012 32.7 543-598 9.1 x 102 11
(CH3)3 C.CH, —° i-C 4 H 5 + CE!3 k = 3.53 x 10~ 762 12

‘Values re-calculated from original data ’
“Arrheni n s A factor is probably too low

constant at about 500°C for an unspecified may be dependent on mixture composition.
alkyl radical may be 10°~~ ; the values may Evidence against conjugate alkene formation
decrease in the order primary > secondary > from QOOH has been provided from a study ”
tertiary . Following suggestions in a recent of the separate addition of small amounts of
review,’ the recombination rate constant for n-butane and cis-butene-2 to slowly reacting
primary radicals has been taken as 1010 and mixtures of H , + 02.
that for secondary radical s as 1010.5 As R and RO2 are effectively equilibrated
exp( — 3560/RT)~ a value for tertiary radical s under most conditions in the temperature
will not be required in this paper. Since the range 400-500°C, routes (i) and (ii) for the
recombination rate constant appears as a formation of conjugate alkene cannot easily
square root in the rate expression , an uncer- be distinguished and, for convenience, the
tainty in this rate constant of an order of direct bimolecular reaction R + °2 will be
magnitude is effectivel y reduced to a factor assumed in this paper. Table III summarises
of 3 in the rate constant of the competing the available rate data , which have been oh-
reaction . tam ed in two ways. Method I involves mea-

surement of the relative rates of formation of
3. Reaction of R Radicals with 02 to Form conjugate alkene and lower alkene when the
Conjugate Alkene hydrocarbon is added to slowly reacting mix-

tures of H 3 + O~. Thus with n-butane as
At sub-atmospheric pressures in the temper- additive, cis-and trans-butene-2 and propane

ature region of 300-500°C, with hydrocarbons are formed uniquely as primary products from
where its formation is possible structurally, the s-C 4 H , radical.
the conjugate alkene is the major primary
product in the initial stages of reaction. Rela- s-C4 H, = C,H 6 + CH , (1)
tively f ew rate constants are available and the
reaction path has only recently been elucidat- s-C4 H , + 02 = C4 H ~-2 + HO 3 (2b)
ed. The conjugate alkene may be formed in
at least three ways in the oxidation of R From measurements of the yields of propene
radicals: and butene-2 over a range of mi xture composi-

tion , the ratio k ,/ k  is obtained. Using the
(1) By the direct bimolecular reaction known value of k , ?lfable II), K3,, = 4.3 *R + O~ = alkene + HO 2 (2) 10’ and 7.8 x 10’ at 480°C for the formation
(ii) Via decomposition of HO2. of ci s- and trans-butene-2, respedively.~ The(l ii) Via QOOH, formed by intramolecular analysis is more complex if the conjugate

H-atom transfer In the HO3 radical. alkene can be formed from more than one
species of alky l radical , for instance propane

R + RO, ‘+ 000H from both n-and I-C3 H., radicals and butene-1
I / from both n- and a-C4 H , radicals. The

\ $ g( proportion of conjugate alkene formed from
con jugate alkene each alkyl radical must then be calculated with

the aid of the specific rate constants for H,
l i the  conjugat e alkene is formed by all three OH, and HO2 attack on the alkane~ (Table I).routes, the overall rate constant is extremely Values of k5 have also been determined from

complex ,’° and u nder certain circumstances studies of the oxidation of aldehydes over the
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temperature range 400-500°C (Method II). 40°C, obtained from a photo-oxidation study,~
From measurements’8 of the relative yields which gives E = 7.5 kcal mol - ~, A = 3.5 *
of ethane and ethylene in the oxidation of 10’.
propionaldehyde in aged boric-acid-coated The role of surface in the formation of
vessels, k / k3 can be obtained . The absolute products in hydrocarbon oxidation has been
value of can then be calculated by the use discussed frequently. Knox 2’ has suggested
of the known 2° value of k3 that in the oxidation of isobutane at 300°C,

isobutene is formed in a homogeneous reaction
C H + 0 = C H + HO2 (~~) but that the other products are formed in

2 5 2 2 ~ surface reactions of HO2. Barnard ~ however,
C3 H , + C 2 H ,CHO = C2 H,, found no pentenes in a shock-tube study of

+ C2 H , CO (3) the oxidation of n-pentane at 650-850°C, where
surface reactions should be unimportant, and

or C 2 H 4 CHO suggests that this supp orts Pollard ’s view2’
that conjugate alkene is formed at the vessel

Values of k2 for n-C 3 H , + O3~ and I-C3 H, surface. This interpretation can probably be
+ O~2’ have also been estimated in this way discounted because radical decomposition re-
(Table III). actions should dominate at the temperatures

The rate constant ratios both from Method used by Barnard,28 particularly at the rather
I and from Method II are accurate to within low 0~ pressures used, so that conjugate alkene
10%, but the accuracy of the absolute values would at most be a minor product. Recently,
of k2 is limited by the uncertainty in the studies~ of the addition of n-butane to slowly
currently available rate constants for the mdi- reacting mixtures of H 2 + °2 at 480°C using
cal cracking reactions (Table!!), which depend fresh and aged boric-acid-coated and ‘clean’
on the radical-radical rate constants as dis- Pyrex vessels with diameters varying between
cussed earlier. Accepting an order of magni- 20 and 55 mm i.d. have shown that the ra-
tude uncertainty in the latter, then a possible tios [conjugate alkene] / [lower alkene ] and
error of 300% in the absolute values of k8 [conjugate alkene] / [O-heterocyclej are in-
exists. The variation in k3 spans the range 10’ dependent of vessel diameter and surface. It
— 108 and may be partly due to uncertainties is thus unlikely that surface processes are
in k , and k3. The agreement between the two involved in product formation at 480°C, and
values for n-C3 H , + 02 shows that Methods this conclusion almost certainly holds at higher
I and 11 give consistent results. temperatures. At lower temperatures, about

If reaction (2) proceeds by a direct bimo- 300°C, surface reactions of HO2, and particu-
lecular process , then an A factor of about 10’ larly ROOH, may play an important part in
is likely, so that E2 will be small. Experimental the formation of oxygenated products with a
conf irmation comes from a combination of k2 lower carbon number than the parent hydro-
for I-C 4 H , + °2 at 480°C with the value at carbon.

TABLE III
Rate constants for the formation of conjugate alkene

Reaction Product T/ K k/ I  mol - ‘ s 1 Method Ref .

C,H, + 02 C2 114 713 5.5 x 10~ II 18
896 1.0 x 10° C2 H ,,/05 19

n-C, H, + O~ C3H,, 723 1.8 x 10, II 20°
753 2.2 x 10~ I 21’

i-C,H, + 0, C3 H ,, 713 1.3 * 10° II 22
n-C4 H 9 + 0, C4 H 5-1 753 1.6 * 10° I 23
s-C4 H 9 + O~ trans-C4 H,-2 753 7.8 x 10’ 1 23

cls-C4 H,-2 753 4.3 x 10~ 1 23
C4 H,-1 753 5.1 x 10~ I 23

I-C4 H, + 0, i-C4 H, 753 2.3 * 10’ I 24~
313 1.7 x 1O~ Photo-oxidn.

recalcuilated from t he original data using the rate constant, given in reference 1.
bp~~ll ml~~~y value.
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4. Reaction of R Rad icals with 02 to Give almost ideal in this respect . Only one species
O-Heterocycles of alkyl radical is formed, and as conjugate

alkene formation is not possible, the y ield ofIt is generally accepted that 0-heterocyclic oxygenated products is magnified. Further, atcompounds are formed by the homogeneous high temperatures, the neopentyl radical de-formation and subsequent decomposition of composes, and from measurements of the rela-the QOOH radical (PHID theory) . ’~’° tivea mount sof decomposition and oxygenated
products, rate constants for the oxidation reac-

H + 02 HO 2 (4) t ionsmaybe calculatedbytheuseoftheknown
HO, —. QOOH (5) rate constant for the decomposition reaction.

When traces of neopentane are added to slowlyQOOH —. 0-heterocycle + OH (6) reacti ng mixtures of H 2 + 02 at 753 K, the
primary products , methane, formaldehyde,Thus , for example , 1,5 H atom transfe r in the acetone, isobutene, and 3,3-dimethyloxetan2-pentyl perox~ radical will lead to 2,4- (DM0) account for over 95% of the neopentane

dimethyloxetan . lost in the ear ly stages of reaction .3’ Over a
ten-fold range of 02 pressure ,4

([DM0] + [acetone])6 R , = u [ 02] (ii)
CH 3— CH ” CHCH 3 [isobutene]

I I
O H and
2~~~~~~ —0

H 2 = [acetone] / [DM0] a [° 21 (~j~)

1,5s 
The relationshi ps are consistent with the

4 mechanism:

6 C5 H ,, -ø CH 3 + (CH 3) 3C=CH 2 (in)
CH 1— C H  CHCH 3 C,H ,, + 0 2~~~C,H ,, 02 (4n)

O C,H ,,0, — . C ,H ,0 00H (5n)
2~~~~~~~-OH C,H ,0 00H -.DMO + OH (6n )

C3 H 10 00H + 0 2 ~2 C , H ,0 (OO H)0 2 (7n)

C, H ,0(OOH)0 2 -. CH 3 COCH 3CH 2 CHCH ~
I I + OH + 2HCHO + OH (8n)

CH.,CII — O  CH 3 + O 2~-.HCHO + 0H (9n )

The letters p, s, t, are used to signif y trans fer CH 3 + I-I , -—~ CH 4 + H (iOn)
of pri mary , secondary, and tertiary H atoms ,
respectively. Oxirans, oxetans , tet rahydro- Using stationary-state treatment , it can be
f, i ra,,s (THF) , and tetrahydropyrans are shown 3’ that reaction (Sn) is effectively irre-
formed from ( 1 ,4), (1,5), (1,6), and (1,7) versible, otherwise the kinetic expression for
trans fers . respectivusly, The relative rates of H , tends toward s a square dependence on [0,]
formation of the various QOOH radicals pro- at high [0,] in direct contrast to the expen-
duced from a hydrocarbon are determined mental observation that dependence on [0,]
main ly by three factors: falls slightly at high oxygen concentrations.

As reaction (4n) is effectively equilibrated,
(I )  the relative ease of attack at the various then R , in equ ation (Ii) is given by

C—H bonds in the hydrocarbon;
(II ) the strength of the C—H bond from which H , = K ,,,, k ,, [0,]/ k ,,, (iv)in ternal abstraction occurs;
(ii i)  the strain energy in the formation of the

ring transition state. Using the value of k,, given in Table II and
K ,,, 86 at 753 K from thermochemical data,

For the evaluation of k3, very simple systems then k,,, 1.8 x l0~. Benson~~ suggests that
are requi red. The oxidation of neopentane is A % 10” so that E ,,,, 27 kcal mol ‘.



p

1046 KINETICS OF ELEM ENTAR Y REACTIONS

By the u s e  of n-butane and cis- and trans- (ii i)  For transitions involving a primary H
hutene-2 as separate additives to the H2 + ato m , the change from a 1,4 to a 1,5 t ransition
02 reaction (Method I), values of k, for (I ,4p), increases the rate constant by a factor of 8.2
(i ,4s) (epoxybutane) and (i ,6p)(THF) transi- and by a further factor of 3.3 for the chan ge
tions have been obtained at 753 K.”7 In all from 1,5 to a 1,6 transition. For equal A factors
cases, equation s similar to equation (iv) in the these increases correspond to activation energy
neopentane studies are obtained from the re- differences of 3.1 and 1.8 kcal mol ’, respec-
stilts and a knowledge of the values of k , an d tively. These differences then correspond to
K ., for s-buty l and n-butyl rad icals is required differences in the strain energy in the ring
(Table II).  The values of k, are summarised transition stages and the remaining 1,4 to 1,6
in Table IV. transitions can thus be calculated.

Several features in Table IV merit further (iv) The absolute activation energies are based
comment, on an A factor of 10m2 m , which has been
( i )  The value for k, (1,5p) from neopentane suggested by Benson 32 for the l ,5p transition
is consistent with k,( 1, 4p) and k (l ,6p) from involved in reaction (5n).

n-butane and this suggests that t
5
lse rate con- (v) The rate constants for reaction (5) diffe r

stants in Table IV may be used to a first considerably from those given by Fish.” In
approximation , at least , for the general reaction particular , the present values for 1,4 and 1,5

transitions are considerably lower and theRO , QOOH. activation energies are considerably higher.(ii) The ratio k, (1,4s)/ k, (1,4p) 11. As both Moreover , the rate constants for 1,6 transitionsrate constants were obtained from reactions
of the s-huty l radical , no crror is introd uced are higher than for the 1.~ transitions. The

int o the ratio by uncertainty in radical recom- variations in the values of k and E are com-

bination rate constants. Similar A factors are p letely inconsistent with the strain energies
of 6.5, 0, and 6.5 keal mol ’ suggested” forexpected for the transitions because the en- the ring transition states in the formation oftropy changes are small and almost identical , QOOH by (1 ,4), (1, 5), and (1 ,6) transitions ,so if the ratio of 11 arises solel y from activation respectivt ly.energy differences , then ~~~ — E ,.,, = 3.5

kcal mol ~~~, which corresponds to the normally
accepted difference in the bond dissociation
energies between a primary and a secondary Prediction of the Yields of Products
C—H bond. Assuming a similar difference with Pentane as Additive
between the bond dissocation energies of sec-
ondary and tertiary C—H bonds , then values With the recent interest in computer model-
for t ransitions involving tertiary H atoms may ling of hydrocarbon oxidation , accurate rate
he calculated , constants for oxidation reactions are inereas-

TABLE IV
Rate constants for the formation of QOOH radical s

Estimates ’ by Fish” Experimental values ”
Type of E EC—H bond Il-atom _______ _______

broken tran sfer k cal mol ’ k/ s at 753 K keal mol - ‘  k / s  “ at 753 K

I ,4p 21 1.5 x 10’ 30 2.2 x 10~
prl mar~ l .Sp (5 6.5 x 10° 21 1.8 x 1O~

1,6p 21 1.0 x 10’ 25 6.0 x I0~
1 ,4. 17 1.5 x 10° 26.5 2.4 x 10~

seconc lar’, l .Ss I I  6.0 x 101 23.5 2.0 * 10~
1,6. 17 1.5 x 10 21.5 6.5 x 1O~
I ,4t 14 8.0 x 108 23 2.6 x 10~

tertIary I ,5t 8 4.0 x 10° 20 2.2 * 10
1,6t 14 8.0 x 100 IS 7.1 x 10

Fish ssuimrs A 10” ~
“ Activation energies obtained from rat e comita nt s u sing A — t0 tm5 1
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inglv in dem and. As the variety of systems 0.00$
I ’. ‘unlimited , the development of rate constants Afor use generally is of the utmost importance . 0.00$Indeed, a comprehensive coverage of rate data
four all conceivable reactions in hydrocarbon
o)x i dation is still a distant target and may 0-SN
indeed be unnecessary for many purposes. For
the pentan e + 0, system , no specific rate

0002
constants except for H and Oil + C , H 12 are
available for the four main types of reaction
listed at the beginning of the paper. It is , (

t herefore , in tended to investigat e how closely 00$
the data given in Tables I -IV, obtained from ~
st um di es of oxidation of C —C ., hydrocarbons
and neo)pentane , can prefict the yields of the ~
products when 1% of pentane is added to ~
slowl~ reacting mixtures of 11 2 + 02 at 753
K. In this preliminary analysis , on ly the yields ~of the main primary prod uct s at 10% loss of
pentan e will he considered. C

Figure 1 shows the yields of the iml a in early C
products and the initial gradients show that
t hey are all primary products. The 10% yields
are sun,marised in Table V. Con j uigat e alkem,es ,

the direct bimolecular reaction between H ami~l 
~~~~~

cracking products and 0-heterocycles are the ~~~~ -

major products. The pentenes are formed ii~

°2’ methane, ethylene , propene , and hu,tene- 1
f ,v radical c racking reactions , and the ri m ~g
compou nds 1.2-epoxy butane ( 1 ,2EB), 2.3- 0~20 0~1$ 000
epox’.humtan e (2, 3EB), 2-ethyloxetan (2E0), 2,- Pra~~~,, ~~~ ntan lost
4-dimeth~ loxetan (2,4DMO), 2-methyltetra-
h sr lr oIm , r a n (2-MTHF) and tetrahydropyran Fuc . 1. Variation of products with loss of n-pen-
(TEIP) by formation and subsequent de- tane. H 2 140, 03 70, N 2 285, n-pentane
composition of QOOH radicals. Figure 2 = 5 rum Hg; T = 753 K. Part A: 0, 2,3-epoxypentane;
shows the reaction pathways for the formation x , 2-ethy loxetan; A, tet rahydropyran ; •. 1,2-
of these products from the three pentyl radi- epoxypentane. Part 8: 0, pentene.1; x , cis- and
ca k. At this stage , it is assumed that the QOOH trans-pentene-2; A, 2,4-dimethyloxetan; S. 2-meth-
radicals decompose uniquely to give an 0-ring yltetrahydrofuran ; 0, hutene -1. Part C: 0, methane;
compound and the OH ra(lical . x , ethylene ;~~ , propene; A , acetaldehyde ; 0, pro-

For comnparis ion with the experimental re- pionaldehyde.
s i m l t s . the predicted yields of products from , ,
the th ree per,t~ l radicals are calculated as
follows , and that for the 3-pentyl radical is the value

given for s-buty l radicals.
( I)  A conup uu ter program u s used which incur- ( i i i )  The rate constants for pentene formation
porates a comprehensive mechanism for the are taken as the values for the structurally
H , + °2 r eact io)mu and the major reactions analogous reactions of the s- and n-buty l radi-
occurring when tr aces of pentane are added . cals with 0 (Table I l l ) .
The specific parameters (Table I)  for attac k ( i v )  The va ’ue of the equilibrium constants
by H , OH , and HO on the hydroc arbon are ( see Figure 2,) K ,, = 459, K,, 2 637, and
used in equation (is, and allowance is also K ,,,,, = 210 at 7~A K , are caTculated from

made for minor attack by 0 atoms. For the thermochemical data.
mixt u r e mu sed , the percentages of 1- , 2- , and (v ) Rate constants for the isomer isation reac-
3-pentyl radical formed after 10% loss of t ion HO~ 

-~~ QOOH are given in Table IV.
neopentaru. ’ are estimated as 22, 52, and 26%, As no value for a I ,’7p transition is available ,
ro~spcct iveI y. a value of 9.1 x 10° is assigned . This value
(i i)  The rate constant for the homolysus of both pr edicts the correct yield of tetra hydropyran ,
th e 1- and the 2-penty l radical is assigned the with the particular rate constants used for the
valu e given in Tabl e II  four the n-buty l radical , other reactions.
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l’-penty l rad ical

l , 2EB

10 2 

_ _ _

K 4 1
CH
3

CH2CH2CH2CR2 
CH 3CH 2CH 2CR 2CH 2O 2 

l , 6s 

2~~ HF

CH 2-CH CII 2CH 2CII 3 

~~~~~~~~~~5s 2E0

02 

THPCH 3CH 2CH 2 + C 2H 4

C3H6 C2H4 + CR 3
H475Z

CR
4

2—p enty l radical

1, 2E8

r
\0

CH 2—CRCH 2CH2
CH

3 
CII CH-CRCH 2CH3

CH 3
CHCH 2CH 2CH

3 
CH3CBCH2CH2CH3 l,5s 

3 0
2 02 

,6p

C 306 
+ C~H5

4,02
C2H4

3—pentyl radical CR4fl
y

+ CR
3

2 , 3EB1, 4s

— CH CR CHCH2CH 3 ‘ E 11111111111 2CH 3CH2CRCR 2CH 3 — 3 2~

J,
02 02 02

CR 3CH -CHCH2CB3
FIG. 2. R~~ctlon ocheme for pantyl radicals.
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(vi) From previous studies , it is known that If the aldehydes are formed from the 00011
with the mixture used 64% of n-C3 H 7 radi- + °2 reaction , then the 1,5 H-transfers in
cal s react with O~ to give propene and 36% pentan e oxidation lead to both oxetans and
decompose to give ethylene and CH , aldehydes. There fore , in Table V, the experi-
radie ’als ,” of which 75% react with 112 to form mental y ie ld  of 2,4 dimethyloxetan should he
methane. 2 ’ increased by 50% of the acetaldehyde yield

(i f  two molecules of acetaldehyde are formed
With the above data , the relative yields of from each 000H + O~ reaction), and the

product from each pentyl radical may he exper imental y ield of prop ionaldehyde should
calculated , and the yields aggregated. The be added to that of 2-ethyloxetan. The correct-
calculated percentage yields are shown in ed figures . shown in brackets , considerably
Table V. together with the experimental y ields improVe t he agreement between calculated and
at 10% loss of pentane; the agreement is wi th in  experimental y ields. There is no evidence that
a factor of ahou,t 2 for all products. Clearly, the other 00011 radicals react with °2 a a
by minor adjustments of appropriate rate ~r~- 

rate competitive with that of decomposition.
stants , t he agreement could he improved con- A final  consideration is the role played by
siderably, particularly in the relative yields alky l radical isomerisation. In the pentan e
of the pentenes and in the total yields of system , the on ly important isomerisation will
cracking product s which is slightly too high. be
The yields of 0-heterocycles are closely pre- 1-penty l —‘ 2-pentyl(licted , wit h the possible exception of the two
oxetans . whose experimental yields are lower for which Arrhenius parameters of A = 1.0
than calculated by a factor of two. When the x 10” and E = 20.3 kcal mol -, have been
02 concentration is increased , the difference reported.~ At 753 K, the rate constant is 1.3
between the predicted and experimental yields x 10~’. With the isomerisation incorporated
of the oxetans increases significantly , into the mechanism, the proportions of 1-, 2-,
Moreover , t he experimental yield of acetalde- and 3-pentyl radicals produced at 10% loss
h d e  (about 10% with the mixture presentl y of pentane are effectively modified slightly
being discussed ) and of propionaldehyde to 20.2, 53.8, and 26%, respectively. The modi-
(abo ,uit 1.5%) increases with [02] . To a close fied relative yields of products are shown in
approximation , Table V, and it is clear that isomerisation

reactions will be unimportant in pentane ox-
d[CH , CHO]/ d[2 ,4DMOJ a [021 idation under normal conditions unless the

rate constants are considerably higher than
and d [C 2 11,CHO]/d [2EOJ a [~~~1 suggested above.

It must be emphasised that this discussion
which sumggests that the addition of 02 to relates to the distribution of initial products
QOOH competes with decomposition of and not to the progress of reaction with time.
QOOH to give oxetans. A similar conclusion As the product s, alkenes and oxygenated
is reached in the nenpentane addition studies compounds , are more reactive than the parent
where the [acetone] / [3,3-dimethyloxetan] hydrocarbon, the development of the reaction
ratio is directly proportional to [02 ]. It thus with time will be governed also by the reac-
appears likely that the following reactions are tions of these products , and in particular at
important. temperatures aroun d 500°C by the build-up

02
CH ,CHCH 2 CHCH . —~ CH , CH - C112 - CHCH , -m. 2CH ,CHO 4- HCH O

I I I
0011 001-1 0-0

0-0
0~ I

CH ,CH 2 CHCII ,CH ,00FI -. CH ., CH 2 CH - CH2CH200H

~~~~~~CH ,CH 2 CHO + 2HCHO
CH ,CH 2 CHC I1 2 CII 2 -‘.CH 3 CH 2 CH - CII , - CH 2 ’

I I
001-1 0011 0 -0
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TABLE V
Puedicted and experimental y ields of products from pentane

0~ = 70, H~ = 140 n-pentane 5, N 2 285 mm Hg; T = 753 K

Predicted yields Exptl .
_______________________________________________________ ~ teki l’reduc-ted

I—pe mi tv l  2—p enty l 3—penty l Total at 10% ie ’I~I with
(22%) (52%) (26% ) yield loss isomerisatioun

pentene- I 5.15 6.1 — 11. 25 173 11.0
pentene-2 — 14 .5 17.4 31.9 25.7 32.4
huitene - I — — 7.3 7.3 5.8 i i
propene 1.7 9.6 — 11.3 19.2 11.5
et hylene 3.5 9.6 — 13.1 35.8 13.2
met hane 0.7 — 5.5 6.2 11.5 6.1
1.2-epoxyhutane 0.35 0. 3 7 — 0.52 0.41 0.50
2 ,3-epoxy buitane — 3.85 0.73 2.58 2.98 2.64
3-ethvloxetan 2. 97 — 0 .54 3.51 1.88 3.27

3. 45 ft
2 .4~oIime t I ,v loxet an — 15.2 — 15. 2 7. 3 15.8

(12.8 ’
2 -meth vl TUF 9.63 4.6 — 14.2 10.4 336
THP 1.35 — — 1.35 ’ 1.35 1. 25

perceiutage of penty l radical formed fr ot im n-pentane
“ inc ludes yi eld of (.~ U 3 CII() (see text)

imicluu dt ’s 50% of yield of CH ,CHO (see text)
“k ( 1 7 3 1)  ehoseui to pred ict yield exactly

of 112 02 which is l ike l y  to play an important HE FI ]tFNC ES
role as a secondary initiation (degenerate ’
branch im ig ) agent. I .  Ws , .m~;e , H. W., SPH Chemical Society, Reaction

Kinetics. Vol. 1 , 1975, p. 161.
Summary 2. JONEs , W. E., Sl.suK~i ;im r , S. D.. sN,) TeN,.. I.. .

Chem. f lee., 73, 407 (1973).
Rate constants , obtained mainl from ,, studies 3. ~~~~~~~ N . H., J . Ghem. Phys., 53, 1070(1970).

of C2—C hydrocarbons and neopt ’ntane, for 4. BAKER , H. H., BALDW IN, R. R., AN D Wsz .v.m~a, R. W.,
reactions of ulu ajor importance in hydrocarbon Tra ns. Fa r aday Soc., 66, 2812 (1970).
oxi dation at ’U)O— SS(rC liavrhe e n summarised . 5 .  BAI.UWIS , H. R., FULLER,A. H., LONCTHORN.D., AN!)
Tho rate comi sta mu ts  (w ithou ,t  modification) have Wsi .~~ .R . H. W.,J.C,S., Fa ra day !, 70. 1257(1974).
lws’n used to predict the y ields of products 6. HAm , u w m ’s . H. H., LANc.FORD, D. U., MAr ciu s s . M.
form s-t I when p -ntane is added to slowl y react - j ., ~~~~~~ B. W., AND Yoske , I). A., Th irteenth
ing inixtui r e s of 11 2 ~ ~ 2 Th e  agreement Ss’mposi urn (International) on Comhmist i ion .
between pre~1icted and expo ’r inn ’nta l yields is The Combu stion Institute , Pittsburgh , Pa. ,
w i t h i n  a facto r of about 2 for all the major (1971), p. 251.
pr xl mud s , whim o ’h cohlo’ t ively ao.-co,u,,u t for ab onut 7. B~,,.owis , H. H., .s’~imW sm.KEa. H. W., Un published
90% of tho ’ pentaru ’ cor’~~un wd. The’ agr eo’mm e-uu t re s id t
i s  mnuu pr oved whet , the’ fu i r thu ’r  add it io ni  of 

~~~ ~l. I’~m’i, , \ t  M . ,  SNO I.5IIiI.F mm . K.J.. Canad. I . Glum ..
to Q(X)I I is c o m i s i m  le r m ’uI ,us a m u t t ’  to ) loss er 49. 5.35, 549 197 1) .
aldehy des i n m m m u u p e t i t i o u i  ss i t h i  ol et ’omp osit mo mu 9 ~~~~~~~~~ W ~; , ssr i  Csi. vnmT . J. C.. 1. Amer.
of QOOH. In pt-nta ,w uu x iola t i e , m , , alinvl radi ca l ~~~~~ SCM .. ~ N, 5387 (1966).
, . a , , u i e r i s a t i o nu ’, w i l l  muot lit . mn ip ort ant  at 4(X)— 10. I.is , \i. C., ASI ) L.s , DmkK . K. j . ,  Canad. I . Che,n,,

iunht- ss t h e  02 councu ’ntr mut ion is %‘er\ low . 45. 1315 (1967).
II. Si sim.: mm. 1). A., C . i i i i i m , S. 5 , ssp ts ixe imi,J . ( . .,

.4, knowledgmeni I . Amer . ( ho ’tn. Site.. f A) , 268(1968).
12 A~nwuiseis , K. U. , .ssi i  Brssos , S . W ., J .  Chem.

~~~ work ~as s i ip ~~ur tosl u s  ibm ’ A ir  Foiw Oh ms’s’ Phys., .4.3, 3747(1964).
of Sc u n i t i fum:  Hes ’arc h , t l~uut ed Stat.’s A ir hur .,- 1:3. I I IA T —r , H ..  ssui Bi~~ so~~. S W ., Intemat. I . ( hem.
(AFOSH). 
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COMMENTS

D. M. Golden, SRI , USA. Do you ever observe work, pressure effects are observed up to about 200
or consider pressure effects  on radical cracking mmHg. Our values of A (per C-H bond) for HO2
reactilmn s ’ It is worthy of note that the A factors + alkane are assumed , since k(HO 2 + alkane) was
for the 1102 abstraction n-actions which you have only determined at 480°C. Combination of our re-
presented are higher than those for OH abstraction suIts at 480°C with those of Alcock and Mile at
from the s an mn’  molecules. This is despite the fact 100°C give an A factor (per C-H bond) of 5 x 10~
that the activat ion eulergies are higher as well and to 1.0 x 10~l ‘ mol ~ ~~ and E = 10.0 keal m o l ’ 1
the expectatio n that since OH is a diatornie species , f or 1102 attack at a tert iary C-H bond.
it should exhibit the higher A factor.

Authors Reply. We oili servv iio pressure e f fe c t s  REFERENCES
on alky l radical cracking reaction s (0 (mui r studies
of 11~ + 02 + N2 * hy drocarbon mixtures over 1. ALCOCK , W. C ., AND MI l E , B.: Combustion and
the ra n ge 250-760 rnnil lg .  In the aldehyde oxidation Flame 24, 125 (1975). 
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